been studied by NMR methods in C D solutions. Evidence is presented that associated, outer-sphere ion pairs 6 6 wŽ . Ž .Ž .x q Ž . y C H Zr CH PR H C-B C F predominate at zirconocene concentrations up to ca. 2 mM; higher aggregates become apparent at higher zirconocene concentrations. Equilibrium constants for the formation of mono-and bis-PMe 3 complexes have been determined; the latter are found to be highly sensitive to steric perturbations. These data, together with density-functional estimates for reaction enthalpies, lead to the following qualitative conclusions with regard to olefin Ž . coordination in zirconocene-based polymerization catalysts: i The olefin substrate displaces the borate anion only from a Ž . small equilibrium fraction of the zirconocene alkyl cations present; ii the predominant fraction of the resulting zirconocene Ž . alkyl olefin cation remains in an outer-sphere association with the counteranion; iii mutual displacement of olefin and Ž . counteranion from the Zr center is slow compared to typical olefin insertions; iv uptake of a second olefin under formation of a cationic zirconocene alkyl diolefin complex is rather unlikely even at elevated olefin concentrations.
Introduction
Weakly coordinating anions and their interacw x tions with organometallic cations 1,2 play a prominent role in homogeneous polymerization catalysis: Coordination of an olefin to the Zr center of a cationic zirconocene alkyl complex, a prerequisite for zirconocene-catalyzed olefin polymerization, is generally assumed to proceed ) Corresponding author. Fax: q49-7531-883137; e-mail: hans.brintzinger@uni-konstanz. duced by reaction of its triorganyl ammonium or triphenyl carbenium salt with a dimethyl w x. zirconocene 6-9 , Ž . y -for a methyl borate anion H C-B C F x . 10a,10b,11-13 , or -for a complex anion H C-MAO y or Cl-Lewis-acidic Al center present in methyl alumi-Ž . w x. noxane MAO 14,15 .
Ž . 1
To understand how activities and other properties of zirconocene catalysts are affected by a particular activator reagent, it appears necessary to clarify the thermodynamics and kinetics of this basic preequilibrium. While it is generally assumed, based on the increase of catalytic activities with monomer concentration, that this equilibrium lies predominantly on the left side under typical reaction conditions, it is not clear how it is affected by changing zirconocene structures. Another unsolved question concerns the relative concentrations of solvent-separated Ž Ž .. and of associated ion pairs Eq. 2 and their respective contributions to the overall activity of w x a given catalyst system 4 . In addition, it has w x been suggested 16-18 that coordination of a second olefin to the Zr center might be required Ž Ž .. for efficient olefin insertion Eq. 3 . The occurance of five-coordinate zirconocene alkyl olefin Ž . Ž . complexes in equilibria such as Eqs. 2 and 3 rests on rather indirect kinetic evidence, however.
Ž . 2

Ž . 3
In a few special cases, where an olefin ligand is tethered to a d 0 -configurated metal center by an alkyl or alkoxy chain, olefin adducts of the Ž . type represented in Eq. 1 have been characterized with regard to their stabilities and structures by NMR spectroscopy and X-ray diffracw x tometry 19,20 . In active zirconocene catalyst systems however, olefin complexes have remained spectroscopically undetectable, as the high propensity of these species to undergo olefin insertion will necessarily keep their steady-state concentration very low.
In order to gain at least qualitative insights into the characteristics of olefin coordination to zirconocene cations, reaction systems in which the olefin substrate is replaced by a trialkyl phosphine ligand have been proposed by Jordan and coworkers as models for olefin coordination w in homogeneous polymerization catalysts 21-x 23 . In these studies it was shown that a trialkyl phosphine can coordinate to a zirconocene alkyl cation under replacement of the counter-anion and that complexes containing two phosphine ligands are formed at higher phosphine concentrations. Here, we report results of a quantitative study on the corresponding complex formation equilibria, which might eventually allow conclusions also with regard to the elusive olefin Ž . coordination equilibria represented in Eqs. 1 -Ž . 3 .
Results and discussion
For the following studies, we have primarily Ž . utilized the reaction system C H Zr species gives rise to a 1 H-NMR signal at 1.0-1.1 Ž . ppm Fig. 1 , Table 1 . The disappearance of this species upon dilution of the reaction mixture with C D documents that the two alternative 6 6 monophosphine complexes coexist in a reversible, concentration-dependent equilibrium with each other. half-live of ca. 5-10 s for the interchange between these two species. Neither of these species gives rise to any detectable cross signals, however, with the monophosphine complex favored by higher zirconocene concentrations. This sets a lower limit of ca. 1 min for the half-live of the interconversion between the two monophosphine species. The absence of any intensity changes after the first NMR measurement of a solution, on the other hand, ca. 10-15 min after its preparation or dilution, sets an upper half-live limit of 2-3 min for this interconversion.
Such a low rate of interconversion appears incompatible with an equilibrium involving a simple interchange between solvent-separated and associated ion pairs of the type considered here: It is not apparent which kind of reaction barrier could make this subtle interconversion slower, by about one order of magnitude, than the mutual displacement of PR and H C- 3 3 Ž . y B C F from the Zr center. As a more plausi-6 5 3 ble alternative, we assume that the phosphine complex favored by higher zirconocene concentrations is a more highly aggregated form, possibly a colloidal microphase, formed by the ion
w x in benzene solution 26 . For aggregates of this type one might expect a reduced rate of interchange with the monodisperse species. This assignment is supported by the observation that the phosphine-complex ion pair is slowly lost from these solutions, in form of an oily deposit, whenever the total zirconocene concentration is high enough to lead to formation of appreciable fractions of the aggregated form of this complex. The intensity of the signal assigned to the aggregated form appears to correlate with the amount of finely dispersed oily phase in the measuring region of the NMR tube in the spectrometer.
In more dilute benzene solutions the cationic phosphine complex is undoubtedly present wŽ . in an associated ion pair C H Zr y distances in the range of ca. 7 A, however, are found at energies which are higher by only a few kJrmol. It is apparent that the mutual arrangement of cation and anion in such an ion pair is largely accidental and will depend, inter alia, on the substituent pattern of the zirconocene cation.
Such a displacement of the anion H C- would support the notion that the anion partici-Ž . Ž pates in Eq. 5 directly rather than as a mere These data do not rigorously exclude the possibility, however, that some fraction of the bisphosphine complex is present in form of the unsymmetrical isomer, in which the methyl group is placed in a lateral coordination position, as obseved by Jordan monophosphine and bisphospine complexes ac-Ž . cording to Eq. 5 is fast on the NMR time scale even at y408C; if this is true also for exchange between different isomers of the bisphosphine complex, their apparent C symmetry might 2v merely represent a time-averaged geometry.
For the other phosphines studied, bisphosphine complexes appear to be much less stable.
Ž Ž . portionation according to Eq. 6 . This disproportionation reaction can be used as a test for the validity of the assumption that associated rather than solvent-separated ion pairs predominate in these reaction systems: If the latter were the case, the ensuing equilibrium Eq. Ž .
Ž . 7 would lead -in distinction to Eq. 6 -to a dependence of the degree of reaction on the total zirconocene and borate concentrations. In the accessible concentration range between 1 Ž and 2 mM which is limited by the formation of aggregated species at higher and by signal-to-. Since K is connected to K and K by the Ž . according to Eq. 4 . For the other phosphines listed in Table 2 analogous data are not accessible, since their lower tendency to form the respective bisphosphine complexes does not allow observation of the disproportionation Eq. Ž . 6 . Nevertheless, we assume that similarly high values of K pertain also to the other phos-4 phines studied here, since the contact ion pair
undetectable in the presence of even the slightest excess of phosphine. Finally, we have extended related studies also to two chiral ansa-zirconocenes, which give rise to stereoselective homogeneous catalysts for the isotactic polymerization of a-olefins, i.e., to Ž . reaction systems containing Me Si ind ZrMe ever observe the appearance of two weak, sharp signal sets. These might be due to symmetric Ž and asysmmetric bis-PMe complexes Table   3 . 2 , which interconvert only slowly with each other and with the monophosphine complex. Even if this assignment is correct, the equilibrium constants K for the formation of these 5 bisphosphine complexes are estimated to be Ž . smaller than 10 lrmol for the bis indenyl and Ž . bis benzindenyl zirconocenes. This greatly reduced tendency to form a bisphosphine complex is undoubtedly due again to steric effects: The Ž coordination gaps of the Me Si-bridged bis in- a-position to the Me Si bridge protrude into the 2 lateral section of the coordination gap and will thus impose serious thermodynamic and kinetic obstacles to the approach of a second phosphine ligand.
Conclusions
With regard to the coordination of an olefin, such as propene, to an alkyl zirconocene cation, the data discussed above lead to the following conclusions: In a non-polar solvent such as toluene, displacement of the anion from the Zr center by an olefin ligand will lead to the formation of associated ion pairs of the type w x Ž .x q y Cp Zr-alkyl olefin A ; the geometrically 2 non-descript outer-sphere association between cation and anion is likely to persist even at low zirconocene concentrations. Such an association with the anion, at least in the geometry derived Ž from our density-functional calculations Fig. . this species would meet all the requirements for an olefin-insertion reaction complex. The formation of such a reactive olefin complex should Ž . thus be described as in Eq. 8 :
Cp Zr alkyl PPP A q olefin Ž . which appears to be sterically encumbered, as discussed above. This line of reasoning would imply that similarly low interchange rates might pertain also for the corresponding reactions represented in Ž . Eq. 8 , with olefin instead of phosphine ligands. If this is indeed the case, the half-live of w x an olefin complex of the type Cp 2 Ž .Ž .x q y Zr alkyl olefin A with respect to displacement of the olefin by the anion A y would be larger by several orders of magnitude than typical olefin-insertion half-lives, which can be estimated to be as short as several ms for more w x highly active zirconocene catalysts 41,42 . This raises the question as to the fate of the coordinatively unsaturated species arising from the olefin Ž insertion, i.e. whether reconversion to a pre-. sumably inert contact ion pair or coordination of a new olefin ligand is the kinetically favored process. At any rate, the possibility that a relatively large number of consecutive olefin insertions might occur before an active zirconocene alkyl olefin cation is reconverted to a contact ion pair, would be highly relevant especially for the mode of operation of syndio-specific zirw x conocene catalysts 53-56 , which is intimately dependent on the length of uninterrupted insertion sequences.
Ž . Formation of a bis olefin complex of the
